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We investigated the upper limit of horizontal spatial modulation of vertical-size disparity in a 
textured surface for the perception of depth. In Experiment I subjects matched the appearance of a 
surface with modulated horizontal-size disparity to that of a surface with modulated vertical-size 
disparity. In Experiment 2 we determined the threshold amplitude of modulation of vertical-size 
disparity required for the perception of depth as a function of the spatial frequency of disparity 
modulation. The results indicate that sensations of depth are not elicited by modulations of vertical- 
size disparity of any amplitude at spatial frequencies higher than about 0.04 c/deg. We conclude 
that vertical disparities are averaged within about 20 deg-wide areas and suggest hat this global 
measurement isused to scale local horizontal disparities for the perception of surface slant. © 1997 
Elsevier Science Ltd 
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INTRODUCTION 
A textured surface slanted in depth about a vertical axis 
produces an image in one eye which is horizontally 
magnified relative to that in the other eye. It is therefore 
not surprising that one sees an inclined surface when a 
textured isplay presented to one eye in a stereoscope is 
laterally magnified, relative to an otherwise identical 
textured isplay presented to the other eye. A vertical 
magnification of the display in the same eye produces an 
impression of a surface slanted in the opposite direction. 
This is the induced effect first described by Lippincott 
(1889) and investigated by Ogle (1938) and Gillam et al. 
(1988). At first glance this is surprising because no real 
surface produces an overall vertical-size disparity. Any 
theory of binocular stereopsis based only on horizontal 
disparities does not predict he induced effect. Koender- 
ink & van Doom (1976) proposed that the slant of a 
surface in depth is coded in terms of deformation 
disparity, which can be regarded as the difference 
between horizontal-size disparity and vertical-size dis- 
parity. This explains the induced effect and the fact that 
overall-size disparity does not produce much slant. 
We detect horizontal disparities locally in order to 
perceive local variations in depth. Thus, when displays 
with differing horizontal-size disparities are superim- 
posed we see two surfaces in different planes. Also, we 
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can perceive the slant of a very small area containing 
horizontal-size disparity even when it is surrounded by a 
zero-disparity surface. Vertical-size disparity is not 
processed locally and therefore cannot specify differ- 
ences in slant within the same small area. Thus, Stenton 
et al. (1984) found that when a set of dots with vertical- 
size disparity is superimposed on a set of dots with zero 
disparity, only one slanted surface is seen. Also, Kaneko 
& Howard (1996) reported that the slant of a textured 
surface containing a vertical-size disparity is severely 
reduced when the surface is less than about 10 deg in 
diameter, or when it is surrounded by a textured surface 
with zero disparity. 
We must conclude that vertical-size disparity is 
detected by averaging over a large area. Rogers & 
Koenderink (1986) found that when one lateral half of a 
large display is vertically compressed in the left eye and 
the other lateral half is vertically compressed in the right 
eye, the two halves appear to slant in opposite directions. 
In our previous report, subjects observed a twisted 
smooth surface when viewing a display having vertical- 
size disparities of opposite sign in the top and bottom 
halves (Kaneko & Howard, 1996). This observation 
suggests that vertical-size disparities are averaged over a 
certain area, but not over the whole binocular field. To 
account for these facts we must modify the original 
deformation theory to state that surface slant is coded in 
terms of horizontal-size disparity detected locally and 
vertical-size disparity detected over a fairly wide area. If 
vertical-size disparity were detected over the whole field, 
this modified version of deformation theory would be the 
same as Ogle's (1938) idea. 
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A spatial modulation of horizontal disparity in a 
random-dot stereogram produces an impression of depth 
corrugation up to spatial frequencies of disparity 
modulation of about 3 c/deg (Tyler, 1973, 1974, 1975). 
The sensitivity for perceiving depth was highest when the 
spatial frequency of disparity modulation was between 
0.2 and 0.5 c/deg (Rogers & Graham, 1982). 
The object of the present study was to determine the 
area over which vertical-size disparity is extracted for the 
purpose of slant perception. In Experiment I, we 
measured the appearance of surfaces with a modulation 
of vertical-size disparity, relative to the appearance of 
surfaces with a modulation of horizontal-size disparity. 
This was done by adjusting the modulation of horizontal- 
size disparity in a comparison surface until it produced 
the same impression of depth modulation as a surface 
with modulation of vertical-size disparity. In Experiment 
2, we used the method of constant stimuli to measure the 
sensitivity for perceiving depth in a surface with 
modulation of vertical-size disparity. The results indicate 
that vertical-size disparity does not elicit sensations of 
depth for disparity modulations finer than about 0.04 
c/deg. 
EXPERIMENT 1: THE APPEARANCE OF SURFACES 
WITH MODULATION OF VERTICAL-SIZE 
DISPARITY 
Methods 
Stimuli and apparatus. The basic stimulus consisted of 
randomly positioned white dots on a black background 
generated by a Macintosh Quadra-900 computer. The 
display was 98 x 98 cm and was viewed from 94 cm so 
that it subtended 55 by 55 deg. There were 703 dots per 
m 2 and each dot appeared about 2 cm in diameter, 
subtending approximately 2 deg in the centre of the 
display. Each dot had a gaussian distribution of 
luminance which was 6 cd/m 2 at the centre and had a 
standard eviation (a) of 0.42 cm. When two identical 
displays were rear projected by Electrohome projection 
monitors onto two screens of a Wheatstone stereoscope 
and carefully aligned, a subject looking through the 
mirrors of the stereoscope saw a surface in the frontal 
plane. The room lights were extinguished and all surfaces 
surrounding the display were painted black so that 
nothing but the random-dot display was visible to the 
subject. The head of the subject was fixed with a chin rest. 
The test stimulus was a 55 by 55 deg random-dot 
display containing a sinusoidal modulation of vertical- 
size disparity along its horizontal axis. The spatial 
frequencies of disparity modulation were 0.01, 0.02, 
0.04, 0.07 and 0.15 c/deg, which produced 0.5, 1, 2, 4 and 
8 cycles of modulation over the 55 deg width of the 
display. The phase of the modulation was 0 or 180 deg. 
The peak value of vertical-size disparity was fixed at 2%. 
A plus disparity is one in which the vertical spaces 
between the images of the dots in the right eye are 
narrower than those in the left eye. For example, when 
the phase was 0 and the disparity modulation was 0.02 
c/deg, there was a right hypodisparity in the upper right 
and the lower left quadrants of the display, and a right 
hyperdisparity in the lower right and the upper left 
quadrants. This disparity pattern is illustrated in Fig. 3 
(the center of the top row). Any frontal-plane surface 
contains a pattern of differential horizontal and vertical 
disparities (Howard & Kaneko, 1994; Howard & Rogers, 
1995). Our stimulus necessarily contained this same 
pattern of differential disparities, even before we 
introduced disparity modulations. However, we are 
concerned only with the effects produced by the 
homogeneous modulation of vertical-size disparity which 
we introduced into the images on the screens. In most 
cases, the disparity distributions produced by the 
modulations of vertical-size disparity on the screens 
would not occur in a natural environment. We will 
discuss later the relation between the patterns of size 
disparity used in this study and the pattern of differential 
disparities. 
The comparison stimulus was a similar random-dot 
display containing a sinusoidal modulation of horizontal- 
size disparity along its horizontal axis. The frequency, 
phase, and amplitude of disparity modulation were under 
the control of the subject. 
Procedure. Subjects adjusted the frequency, phase, and 
amplitude of modulation of horizontal-size disparity in 
the comparison stimulus until the depth corrugation of 
the surface resembled as closely as possible that of the 
test stimulus with a particular modulation of vertical-size 
disparity. The test and comparison stimuli were presented 
successively and observation time was not limited. 
Subjects could switch between the stimuli as many time 
as they wanted. This method was flexible enough to 
represent the appearance of the test stimuli as a whole, 
because the ranges of stimulus patial frequency, phase 
and amplitude were wide to produce a wide range of 
surface appearances, from almost flat to finely corm- 
gated. In a setting, subjects usually adjusted frequency 
and phase to match the positions of peaks and troughs 
first, and then adjusted the amplitude of disparity 
modulation to match the depth of the peak-to-trough. 
Although the shape of the two surfaces may not have 
been a perfect match, this method provided a compara- 
tive measure of the perceived frequency and peak-to- 
trough amplitude of the depth corrugation of the test 
surface. Ten stimulus conditions [5 (spatial frequencies 
of disparity modulation) x 2 (phase)] were presented 
in random order and the set of trials was repeated four 
times for each subject. Three subjects took part in 
this experiment. All had corrected to normal visual acuity 
and normal stereoscopic vision. They had experience 
in psychophysical experiments involving stereoscopic 
vision. 
Recently, van Ee & Erkelens (1996) reported that the 
perception of surface slant builds up with observation 
time. We noticed this build-up effect for stimuli with 
vertical disparities and also observed that the duration 
needed for a steady-state p rcept decreased after a few 
observations. In the present experiment, the subjects were 
trained and the observation time was not limited so that, 
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FIGURE l. Results of Experiment 1. The spatial frequency ofdepth 
modulation of the comparison surface with horizontal-size disparity 
which matched the perceived depth modulation f the test surface with 
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subject and the average. 
E 
ffl 
~, 
e-  
._ 
r -  
20- 
15- 
10- 
5- 
0 
15 
0/ , , "~ ,  
0 0.05 0.1 0.15 
. MI 
i 
sub. AH 
sub. HK 
- ' -O - - -  phase 0 ° o 
8O 
Average 
o.b5 03 o.~5 
Vertical-disparity modulation of test surface (c/deg) 
FIGURE 2. Results of Experiment 1. The peak-to-trough amplitude of
depth modulation of the comparison surface with horizontal-size 
disparity which matched the perceived amplitude ofdepth modulation 
of the test surface with vertical-size disparity, as a function of the 
frequency ofdisparity modulation f the test surface. The four panels 
show the data for each subject and the average. 
we think, the appearance matches were made on the basis 
of a steady-state p rcept. 
Results 
Figure 1 shows the perceived frequency of depth 
modulation as a function of the frequency of modulation 
of vertical-size disparity for each subject and for the 
mean of three subjects. The ordinate is the frequency of 
depth modulation of the comparison stimulus defined by 
horizontal-size disparity, which appeared the same as that 
of the test stimulus defined by vertical-size disparity. The 
abscissa indicates the spatial frequency of vertical-size 
disparity modulation. The two symbols indicate the 
phases of depth modulation of the test stimulus. The 
dashed lines with a slope of 1 represent equal apparent 
modulation frequencies of the test and comparison 
stimuli. Error bars represent standard eviations for the 
individual data and the standard errors of the means for 
the averaged ata. 
For frequencies of depth modulation below about 
0.04 c/deg, the test surface with modulation of vertical 
disparity appeared similar to the comparison surface with 
the same modulation of horizontal disparity. At a 
frequency of 0.07 c/deg, the within- and between-subject 
variability was large and the test stimulus with a phase of 
0 deg appeared modulated at a higher frequency than the 
test surface with a phase of 180 deg for two subjects. At a 
frequency of 0.15 c/deg, the test surface appeared fiat or 
almost fiat. 
Figure 2 shows the individual and mean results of 
matching the peak-to-trough depth amplitudes of the two 
displays. The ordinate shows the amplitude of disparity 
modulation of the comparison display when matched to 
that of the test display. The other aspects of the figure are 
the same as in Fig. 1. 
The perceived peak-to-trough amplitude of the test 
stimulus decreased as the modulation frequency in- 
creased, and became nearly zero above about 0.04 c/deg. 
The modulation of horizontal-size disparity in this 
spatial-frequency range with a constant amplitude clearly 
elicited perceived epth corrugations of almost constant 
amplitude and with the same frequency as that of the 
disparity modulation. 
Figures 3 and 4 show graphically the appearances of
the test display and the patterns of disparity modulation 
for each modulation frequency for phases of 0 and of 
180 deg, respectively. The appearance of the surfaces 
was calculated from the mean modulation frequency 
(Fig. 1), modulation amplitude (Fig. 2) and phase of the 
comparison stimulus. 
For the stimulus with a modulation of vertical-size 
disparity of 0.01 c/deg (0.5 cycles per display) subjects 
saw opposite slant in the right and left halves of the 
surface. When the image in the right eye was compressed 
vertically relative to that in the left eye in the right half of 
he display (phase = 0 deg, Fig. 3), that half of the surface 
appeared to slant towards the right eye and the other half 
of the display appeared to slant in the opposite direction. 
When the directions of disparities were opposite 
(phase = 180 deg, Fig. 4), the right half of the surface 
appeared to slant towards the left eye and the left half 
towards the right eye. The directions of slant in each half 
of the display were consistent with those produced by 
uniform vertical-size disparity (the induced effect). The 
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FIGURE 3. Results of Experiment 1.A representation of the appearance of the five types of surface with modulation ofvertical- 
size disparity. The curvatures of the surfaces were calculated from the average data of apparent frequency, peak-to-trough 
amplitude and phase. The X and Y axes of the figures for surface appearances correspond to the horizontal nd vertical axes of 
the display, respectively. The Z axis shows the disparity amplitude ofthe comparison stimulus defined by horizontal disparity 
which matched the test stimulus, which indicates the apparent depth amplitude ofthe test stimulus. The frequencies of stimulus 
modulation are 0.0 l, 0.02, 0.04, 0.07 and 0.15 c/deg, corresponding to 0.5, l, 2, 4, 8 cycles per display, respectively. The phase 
of stimulus modulation is 0 deg lbr all five conditions shown here. 
figures clearly show that subjects perceived depth 
corrugation according to the frequency of disparity 
modulation up to 0.04 c/deg and that peak-to-trough 
perceived depth decreased as frequency of disparity 
modulation increased. A disparity modulation of 0.15 
c/deg produced almost a flat surface. 
To check whether the results depend on display size, 
we measured perceived frequency and depth amplitude 
for stimuli with different sizes. The stimulus sizes were 
55(v) x 40(h) deg and 40 x 40 deg, and the other aspects of 
the stimuli and procedures were the same as in the main 
experiment. The results showed that perceived frequency 
does not depend on stimulus size. The perceived epth 
amplitude for the smaller display decreased as frequency 
of disparity modulation increased, although the decrease 
was less monotonic than that for the larger display 
(55 x 55 deg). These facts indicate that the results in the 
main experiment are appropriate for different stimulus 
sizes, although to fully understand the spatial properties 
of vertical-size disparity processing we have to carry out 
experiments with the stimulus having several configura- 
tions and disparity patterns. 
EXPERIMENT 2: THE THRESHOLD OF 
MODULATION OF VERTICAL-SIZE DISPARITY 
FOR THE PERCEPTION OF DEPTH 
Methods 
Stimuli and apparatus. The apparatus and random-dot 
display were the same as in Experiment 1, except for the 
magnitude and pattern of the disparity introduced. The 
spatial frequencies of modulation of vertical-size dis- 
parity across the horizontal axis of the display were 0 
(uniform vertical-size disparity) 0.01, 0.02, 0.04 and 
0.07 c/deg, which correspond to 0, 0.5, 1, 2 and 4 cycles 
of modulation over the 55 deg width of the display. 
Stimuli with modulations of horizontal-size disparity of 0 
and 0.07 c/deg along vertical and horizontal axes, were 
also tested. The magnitude of disparity modulation was 
changed in each trial to provide a measure of the depth 
threshold for each condition. 
Procedure. The threshold modulation of vertical-size 
disparity for the perception of depth was measured by the 
method of constant stimuli. In one session, the frequency 
of disparity modulation was kept constant and the 11 
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FIGURE 4. Results of Experiment 1.A representation of the appearances and disparity patterns of the surfaces having a 
modulation ofvertical-size disparity with a phase of 180 deg, shown in the same form as in Fig. 3. 
magnitudes of disparity and two values of phase (five 
disparities for two phases plus zero disparity) were 
presented 16 times each in random order. In one group of 
sessions the phase of modulation of vertical-size disparity 
was 0 or 180 deg and subjects reported whether the 
central part of the corrugated surface was convex or 
concave. In a second group of sessions, the phase was 90 
or 270 deg and subjects reported whether the central part 
was slanted to the left or to the right. A trial was initiated 
by a trigger controlled by the subject. Following the 
trigger, a random-dot display with zero disparity, the 
blackened isplay with a frame and a fixation point, and 
finally the test stimulus with disparity modulation were 
presented for 1 sec each. After each sequence, the display 
was blackened and the subject made a response. 
The presentation time might seem to be short, because, 
as mentioned earlier, it was reported that the perception 
of surface slant builds up with observation time (van Ee 
& Erkelens, 1996). However, as for purposes of 
comparing the effects of different frequencies of disparity 
modulation, a short stimulus duration does not matter, 
although it might decrease overall effects. In addition, a 
vertical disparity at threshold levels can produce 
perceived epth, even with durations less than 0.1 sec 
(Kaneko, 1996). 
The percentage of "convex" or "slant-left" responses 
was calculated for each disparity magnitude. A cumula- 
tive normal function was fitted to the resulting function of 
the response percentage by Probit analysis for each 
condition of modulation frequency and phase. The 
threshold was defined as the disparity change that 
produced a change in response rate from 50 to 75%. 
Two subjects took part in this experiment. They were also 
involved in Experiment 1. 
Results 
Figure 5 shows the vertical-size disparity thresholds of 
two subjects for the perception of depth corrugations as a 
function of the frequency of disparity modulation (open 
symbols). The threshold is the percentage vertical 
magnification of one eye's image relative to the other 
eye' s image required to elicit an impression of slant. The 
results for modulation of horizontal-size disparity along 
the horizontal and vertical axes are also plotted (filled 
symbols). 
The sensitivity to depth produced by modulation of 
vertical-size disparity decreased rapidly as modulation 
frequency increased above 0.04 c/deg. This result is 
consistent with the result of Experiment 1. The sensitivity 
to depth produced by modulation of horizontal-size 
disparity did not decrease in the frequency range used in 
this experiment. The sensitivity to modulation of vertical 
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disparity was higher when the phase of disparity 
modulation was 0 or 180 deg (convex or concave) than 
when it was 90 or 270 deg (slanted to the left or right). 
This suggests that sensitivity to modulations of vertical- 
size disparity varies in different positions on the retina. 
GENERAL DISCUSSION 
The appearance ofsurfaces with modulation of vertical 
disparity (Experiment 1) and the thresholds for perceiv- 
ing depth in such surfaces (Experiment 2) show that the 
spatial processing of vertical disparity is different from 
that of horizontal disparity. 
At all spatial frequencies of disparity modulation, 
sensations of depth required amuch greater amplitude of 
vertical disparity than of horizontal disparity. In Experi- 
ment 1, sensations of depth were not elicited by 
modulations of vertical disparity finer than about 
0.04 c/deg, whereas modulations of horizontal disparity 
produced sensations of depth for modulation frequencies 
up to 0.15c/deg, the highest value used in our 
experiment. Other experiments have shown that spatial 
modulations of horizontal disparity produce sensations of 
depth corrugation up to frequencies of about 3-4 c/deg 
(Tyler, 1973, 1974, 1975). 
The sensitivity curve for the perception of depth from 
modulations of vertical disparity has a low-pass shape, 
while that from modulation of horizontal disparity has 
been shown to have a band-pass shape. In Experiment 2, 
stereoscopic sensitivity to modulations of vertical 
disparity peaked at low spatial frequencies or even at 
0 c/deg. On the other hand, Tyler (1973, 1975) found that 
with a vertical bar stimulus, the sensitivity function for 
modulation of horizontal disparity peaked at between 0.3 
and 1 c/deg with a fall-off in sensitivity at both lower and 
higher spatial frequencies. Rogers & Graham (1982) 
reported a similar result for sensitivity to depth in a 
grating defined by modulation of horizontal disparity of 
random dots. The results of the control condition in 
Experiment 2 show that the sensitivity to modulation of 
horizontal disparity at 0.07 c/deg was slightly higher than 
that for the perception of slant in the stimulus with 
uniform horizontal-size disparity (0 c/deg). This result is 
consistent with results from previous tudies. 
From the present results, we conclude that vertical 
disparities are averaged over a certain area to provide the 
global vertical-size disparity for the area. We suggest that 
the resulting signal is used to scale local horizontal-size 
disparities for the perception of surface slant and other 
purposes mentioned below. The integration area is less 
than half our visual display (<28 deg) because vertical- 
size disparities with opposite sign in the two hemifields 
produced opposite slant. However, it is larger than one- 
quarter of the display (>14 deg) because modulation of 
vertical-size disparity finer than four cycles per display 
did not produce depth modulation of the same frequency. 
A purely global estimate of vertical disparity could be 
used to render the visual system immune to the effects of 
aniseikonia. Since aniseikonia produces an overall 
magnification of one image relative to the other, it is 
simply necessary to subtract he vertical disparity from 
any horizontal-size disparity to obtain an accurate 
estimation of surface slant. As we shall see later, global 
vertical disparity is also used to evoke vertical vergence. 
Vertical-size disparity varies as a function of the 
eccentricity of the stimulus relative to the median plane 
of the head and of the distance of the stimulus (Mayhew 
& Longuet-Higgins, 1982). These gradients of vertical 
disparity are used to code the absolute distances of large 
surfaces (Rogers & Bradshaw, 1993). A purely local 
estimate of vertical-size disparity is not required because 
vertical disparity does not change abruptly. The use of 
global vertical disparities within an area of around 20 deg 
in diameter also allows one to compute the slants of 
surfaces at different distances and eccentricities. The 
theories of Mayhew & Longuet-Higgins (1982) and 
Gillam & Lawergren (1983), which proposed that vertical 
disparities are used to code stimulus eccentricity and a 
distance, can explain the induced effect but not the 
present observation that vertical disparity modulation 
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produces depth corrugation. The regional disparity 
correction model proposed by G~ding et al. (1995) is 
consistent with our results, although it cannot explain the 
fact that vertical-shear disparity produces perceived 
inclination about he horizontal axis (Howard & Kaneko, 
1994; Kaneko & Howard, 1996, 1997). Our results are 
also consistent with the conclusion of Adams et al. (1996) 
that vertical disparities are pooled within regions maller 
than the visual hemifields. They estimated the size of the 
region to be smaller than 20 deg. 
In specific conditions, the pattern of sinusoidal 
modulation of vertical-size disparity which we intro- 
duced into our display together with the pattern of 
differential vertical disparity of the display is similar to 
the vertical-disparity component of the pattern of 
horizontal and vertical gradients of disparity that occurs 
in a frontal surface placed at different distance. For 
example, with a display at a distance of 94 cm, the pattern 
of vertical disparity produced by the image modulation 
on the screen of 0.5 cycles over 55 deg, a phase of 
180 deg, and a peak amplitude of 2% (left eye image 
smaller than right eye image in the right half of the 
display) is similar to that produced by a frontal surface at 
a distance of 53.1 cm. Figure 6 shows how vertical-size 
disparity (expressed as a vertical-size ratio) varies with 
eccentricity in the two conditions mentioned above. The 
vertical-size ratio (VSR) is defined as the ratio of angles 
subtended in the two eyes (L/R) by a vertical edge 
(Rogers & Bradshaw, 1993). The vertical-size ratios 
produced by frontal surfaces at different distances (28.5 
and 94.0 cm) are also plotted for comparison. The VSR is 
given by the following expression: 
i D2~ -Dltan(e)+4'2(A (2 D ta~(e).) 1) VSR = o5 /'- sin 7r + , + DI tan(e) + 
where D is the distance of the surface from the viewer, I is 
the interocular distance, e is eccentricity, A is the 
amplitude of vertical-size modulation of the left eye's 
image relative to the right eye's image in the distal 
stimulus and I is the wavelength ofthe size modulation i
the distal stimulus. When the images for the left and right 
eyes in the distal stimulus are identical (A = 0), which is 
the case for frontal surfaces, the expression becomes the 
same as that shown in Fig. 2 of Rogers & Bradshaw 
(1993). 
The results of the present study support he idea of 
direct computation of surface slant and curvature from 
the combination of horizontal and vertical disparities. 
However, deformation disparities are not derived locally, 
as van Doom and Koenderink proposed, but an estimate 
of vertical disparity is derived from a large area and 
applied to each locally derived horizontal disparity. The 
present experiments show that a gradual modulation of 
vertical disparity alone produces apparent surface 
curvature, ven if this pattern of disparity is not produced 
by a real surface. The reason is that he same deformation 
disparity is produced by an area of vertical disparity with 
no horizontal disparity as by an area with a horizontal 
disparity of opposite sign but no vertical disparity. When 
the spatial frequency of modulation of vertical disparity 
is greater than about 0.04 c/deg, the areal estimate of 
vertical disparity is averaged over disparities of opposite 
sign and therefore falls to zero. Above that frequency the 
surface appears flat. 
There are three types of vertical disparity: (1) vertical- 
displacement disparity--a vertical shift of one image 
relative to the other; (2) vertical-size disparity--a vertical 
compression of one image relative to the other; and (3) 
vertical-shear disparity--a vertical shear of one image 
relative to the other. 
The three types of vertical disparity could serve at least 
six functions. 
1. Vertical displacement disparity provides a stimulus 
for vertical vergence which in turn corrects for 
overall image misalignment. There is evidence that 
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vertical vergence is evoked by the mean vertical 
disparity over a fairly large area and is not evoked 
by a local vertical disparity in the presence of a zero- 
disparity surround (Burian, 1939; Houtman & van 
der Pol, 1982). This question deserves further study. 
2. The difference between global vertical-size dispar- 
ities and local horizontal-size disparities compen- 
sates for the effects of aniseikonia on the perceived 
slant of large surfaces about a vertical axis. 
3. Vertical-shear disparity evokes cyclovergence. 
which helps to keep the eyes in rotational alignment 
(Howard & Zacher, 1991 ; Rogers & Howard, 1991 ). 
4. The difference between global vertical-shear dis- 
parity and local horizontal-shear disparity compen- 
sates for effects of residual rotational misalignment 
of the eyes on the perceived inclination of large 
surfaces about a horizontal axis (Howard & Kaneko, 
1994). 
5. Horizontal gradients of vertical-size disparity in 
eccentric regions of a large frontal surface vary with 
absolute distance (Mayhew & Longuet-Higgins, 
1982; Gillam & Lawergren, 1983). Rogers & 
Bradshaw (1993) revealed experimentally that 
distance judgements can be based on gradients of 
vertical-size disparity in large frontal surfaces. For 
small surfaces, distance judgements are based on 
vergence (Bradshaw et al., 1996). Estimates of 
distance can then be used to scale relative horizontal 
disparities which, for a given depth interval, 
decrease inversely with the square of viewing 
distance (Foley, 1980). 
6. The ratio of the square of vertical-size disparity to 
horizontal-size disparity can be used to judge the 
local horizontal slant of a surface with respect o the 
frontal plane (Rogers & Bradshaw, 1995). 
For none of these functions is it necessary to detect 
local vertical disparities. Although neurons capable of 
detecting local vertical disparities have been reported in 
the visual cortex of the cat (Barlow et al., 1967; Nikara et 
al., 1968), nothing is known about the physiology of how 
global estimates of vertical-displacement disparity, 
vertical-size disparity, or vertical-shear disparity are 
derived. There are two possibilities: they could be 
detected by three sets of dedicated binocular cells with 
large receptive fields, each sensitive to a particular type 
of vertical disparity, or they could be detected at a higher 
level from the outputs of a common set of vertical- 
disparity detectors with small receptive fields. 
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